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Abstract
Repeat numbers at nine variable-number tandem-repeat (VNTR) loci were determined for 177 isolates of Pseudomonas aeruginosa repre-
senting 77 strains distinguished by pulsed-ﬁeld gel electrophoresis (PFGE). Eight loci provided for discrimination similar to that provided
by PFGE, with variation at the ninth locus (ms61) sometimes allowing discrimination within a PFGE-deﬁned type. The Liverpool and
Midlands 1 strains, which are common among patients with cystic ﬁbrosis in the UK, could be unambiguously identiﬁed by their charac-
teristic VNTR proﬁles. In rare cases, the repeat number at the ninth locus alone provided discrimination among isolates that were dis-
tinct according to PFGE. In each case, the two isolates shared the same blaOXA-50-like allele and belonged to the same oprD sequence
type group, supporting the VNTR results in suggesting that they are similar.
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Introduction
Pseudomonas aeruginosa is a ubiquitous opportunistic patho-
gen that is often responsible for nosocomial infections. Typ-
ing is important to identify reservoirs and sources of
infection, and probable chains of transmission, and pulsed-
ﬁeld gel electrophoresis (PFGE) offers a highly discriminatory
method for this purpose [1]. Patients with cystic ﬁbrosis
(CF) are particularly prone to chronic pulmonary infection
with this organism, which leads to a steady decline in lung
function. Although many patients harbour their own strains,
apparently transmissible strains affecting multiple patients in
multiple centres, particularly the Liverpool, Midlands 1 and
Manchester strains (in the UK) [2,3], the Melbourne strain
[4] and clone C [5], have been identiﬁed, and continued sur-
veillance for such strains among CF patients is important.
Recently, schemes using analysis at multiple variable-number
tandem-repeat (VNTR) loci have been described, in which
isolates are characterized by the number of repeats at each
locus [6,7]. Because the method is PCR-based, it can provide
results more rapidly than PFGE; it also has the advantage
that it is portable between laboratories, and results obtained
on different occasions can be directly compared. Although
some 19 VNTR loci have been described for this organism,
and a scheme using 15 loci has been suggested [7], for
routine use, and when many isolates are handled, a smaller
number is preferable. Here we describe, and have evaluated,
a nine-locus scheme.
Materials and Methods
Bacterial isolates
Our laboratory provides a service for typing of P. aeruginosa
for hospitals in the UK, and clinical isolates were selected
from those referred between 2002 and 2009. A panel of 77
isolates of 28 PFGE types from 30 hospitals and a further
100 isolates, tested as they were received (‘routine’ isolates),
were analysed (177 isolates). A representative of the Mel-
bourne strain from Australia (P12) from the collection of
Scott and Pitt [3] was included. Approximately half of the
isolates were from patients with CF (e.g. P1–P12, P16, P17,
P21–P24, R1, R2, R4, R8 and R9); the remainder were from
non-CF patients (e.g. P25–P52, R3 and R12–R18), with the
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exception of P39, which was isolated from a swimming pool.
Serotype reference strains were obtained from the NCTC
collection. Isolates were grown overnight on nutrient agar
plates at 37C.
Selection of loci
Initially, DNA from a subpanel of 40 isolates, previously char-
acterized by PFGE, representing 27 genotypes, was subjected
to ampliﬁcation at up to 12 VNTR loci (ms61, ms77, ms142,
ms172, ms207, ms209, ms211, ms212, ms213, ms214, ms217
and ms222) as described by Vu-Thien et al. [7] and Onte-
niente et al. [6]. As it was found that the number of loci used
could be reduced to eight with no loss of discrimination, a
scheme involving these loci (ms61, ms172, ms207, ms209,
ms211, ms214, ms217 and ms222) was adopted, with inclu-
sion of one further locus (ms213).
VNTR analysis
Crude DNA extracts were prepared by suspending a few bac-
terial colonies in PCR-quality water (100 lL), vortexing and
centrifuging; 2 lL of the supernatant was used in PCR reac-
tions. For ms172, ms211, ms213, ms214, ms217 and ms222,
reactions were performed in 25-lL volumes containing
1 · PCR buffer (Qiagen, Crawley, UK), 200 lM each dNTP,
10 pmol of each primer, 1.5 U of Taq DNA polymerase and
2 lL of DNA extract; for ms61, ms207 and ms209, which have
small repeat units, reaction conditions were the same except
that the forward primers were labelled with a WellRED ﬂuo-
rescent dye (http://www.sigmaaldrich.com/conﬁgurator/servlet/
DesignCenter) (D2 (ms209), D3 (ms207) or D4 (ms61)), and
5 pmol of each primer was used per reaction. The ﬁnal concen-
tration of MgCl2 in the reaction mixture was 1.5 mM. Ampliﬁ-
cation, carried out in an Eppendorf Mastercycler (Eppendorf,
Hamburg, Germany), consisted of an initial denaturation of
3 min at 94C, 35 cycles of denaturation for 30 s at 94C,
annealing for 30 s at 60C and elongation for 45 s at 72C, and
a ﬁnal elongation step for 10 min at 72C. Alternatively, for the
reactions targeting ms61, ms207 and ms209 simultaneously in
a multiplex format, the Qiagen multiplex PCR kit was used, and
primer pairs for all three loci were included (5 pmol of each
primer per reaction). Ampliﬁcation conditions were 95C for
15 min, followed by 35 cycles of 94C for 30 s, 58C for 90 s
and 72C for 90 s, and a ﬁnal extension of 72C for10 min. In
the case of ms172, ms211, ms213, ms214, ms217 and ms222,
PCR products (2–5 lL) were separated on agarose (1.5%, w/v)
gels, stained with ethidium bromide and viewed under UV
transillumination, and their size estimated by comparison with
the HyperLadder II size marker (Bioline, London, UK). The
reaction products of ms61, ms207 and ms209 were diluted
1 : 30 (a combined dilution being prepared if reactions were
carried out separately), and 1 lL of the dilution was added to
39 lL of sample loading solution/DNA size standard 600
(Beckman-Coulter, High Wycombe, UK) mix (0.2 lL size stan-
dard plus 38.8 lL sample loading solution per well) in a well of
a microtitre plate, mixed, and overlaid with a drop of mineral
oil. Samples were run on a Beckman-Coulter CEQ8000 genetic
analysis system, using the ‘Frag-4’ separation method, and anal-
ysed using the 600 size standard set and quartic model with
PA-Ver1 mobility calibration.
PFGE and other typing procedures
PFGE of SpeI-digested genomic DNA was performed as
described previously [3]. Fingerprints were analysed using Bio-
Numerics (Applied Maths, Sint-Martens-Latem, Belgium) soft-
ware. Percentage similarity was calculated using the Dice
coefﬁcient, and the unweighted pair group method with arith-
metic averages was used for clustering. The blaOXA-50-like and
oprD genes were ampliﬁed and, following treatment with Exo-
SAP-IT (USB Corporation, Cleveland, OH, USA), sequenced
using primers S (5¢-AATCCGGCGCTCATCCATC-3¢) and AS
(5¢-GGTCGGCGACTGAGGCGG-3¢), described by Girlich
et al. [8], and pDF2 (5¢-AACCTCAGCGCCTCCCT-3¢) and
pDR1 (5¢-CAGGATCGACAGCGGATAGT-3¢), described by
Pirnay et al. [9], respectively. After alignment of oprD
sequences, it was clear that they divided into two groups
(GenBank accession numbers GQ228099–GQ228101), with
group 1 being further subdivided into A (GQ228097,
GQ228098 and GQ228105) and B (GQ228102–GQ228104).
In order to more readily assign isolates to an oprD sequence
group, primers oprDgp2F (5¢-CGATTTCAACATCTACCG-
CA-3¢) and oprDgp2R (5¢-GTTCTTATAGCCGACGTTG-
TTG-3¢) were designed to selectively amplify oprD only from
those isolates that had sequence ‘group 2’ alleles (which have
a characteristic sequence corresponding to the reverse primer
towards the 3¢-end); this PCR was carried out as for ampliﬁca-
tion of the VNTR loci.
Results
Results obtained for 70 representative isolates (52 panel iso-
lates and 12 routine isolates) are given in Fig. 1. Of the 28
PFGE types represented by the 77 isolates in the panel, 27
were successfully distinguished by their repeat numbers at
ms172, ms211, ms213, ms214, ms217, ms222, ms207 and
ms209, the exception being two isolates of serotype O12
from different hospitals (P31 and P52) with distinct PFGE
proﬁles but the same VNTR proﬁle at these eight loci. The
Liverpool, Midlands 1 and Manchester strains, isolated from
multiple patients with CF, could be identiﬁed unambiguously
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FIG. 1. Dendrogram comparing pulsed-ﬁeld gel electrophoresis (PFGE) proﬁles of 70 panel (P1–P52) and routine (R1–R12)) isolates, represent-
ing 38 PFGE-deﬁned types, from 30 hospitals (1–30), received between 2002 and 2009, together with their variable-number tandem-repeat
(VNTR) proﬁles. Those described as ‘unique’ have proﬁles that are unique in our PFGE database. Each isolate was from a different patient,
except for P39, which was isolated from a swimming pool. A dash indicates that no amplicon was obtained; 4 + indicates amplicons that were
slightly larger than expected for four repeats. Boxes highlight an example of an outbreak strain (strain L), the Liverpool and Midlands 1 strains,
and a pair of isolates with distinct PFGE proﬁles, but similar VNTR proﬁles. The ‘Nottingham’ or ‘Trent’ strain was ﬁrst described by Scott and
Pitt [3]. The week and year in which isolates were received are given in the ﬁnal column.
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by their characteristic VNTR proﬁles. With rare exceptions
only (e.g. P13–P15), repeat numbers at each of these eight
loci were consistent among representatives of a single PFGE
type; repeat numbers at the ninth locus (ms61) could pro-
vide discrimination within a PFGE type.
Representatives from outbreaks, received within a short
space of time, shared the same number of repeats at ms61
(e.g. P41–P45, strain L) (Fig. 1). In contrast, isolates of the
Liverpool strain from CF patients showed variation in repeat
number at this locus, even among isolates from the same
centre. Three of four isolates of clone C from a single
patient, received over a period of 4 years, shared the same
repeat number (11) at locus ms61, remaining stable for over
3 years; the last isolate had a repeat number of 12.
The method successfully distinguished all 17 serotype ref-
erence strains, none of the proﬁles of which matched one
another, or any of the panel or routine isolates tested.
Agreement with PFGE results was good for the 100 non-
panel isolates tested, which included a further 49 PFGE-
deﬁned types and an additional three isolates that could not
be assigned a PFGE type, owing to autodegradation of
DNA during preparation for PFGE, but were successfully
classiﬁed by VNTR typing. In two instances, however, iso-
lates with distinct PFGE proﬁles (Fig. 1, R10 and R11 (in
box); R3 and R5) shared the same VNTR proﬁle, except at
ms61, as had been the case for panel isolates P31 and P52.
These isolates also shared the same blaOXA-50-like allele
(Fig. 2) and the same number of repeats at a further VNTR
locus (ms212), and they belonged to the same oprD
sequence type group, supporting the VNTR, rather than the
PFGE, results.
The oprD gene, which encodes an outer membrane po-
rin, displays hypervariability, and sequence disruptions, such
as deletions, stop codons, frameshifts and interruption by
insertion sequences, are common [9]. In our experience,
however, these can vary among representatives of the
same strain. For example, isolate P25 (strain C) has a 58-
bp deletion (accession number GQ228100) not found in
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FIG. 2. Dendrogram showing percent-
age similarity between blaOXA-50-like
sequences (nucleotides 1–754 of the co-
ding sequence) of a subset of isolates. Th-
e oprD sequence type group (based on
groupings from alignment of sequences
corresponding to nucleotides 701–1269
of PAO1), variable-number tandem-repe-
at (VNTR) proﬁle and pulsed-ﬁeld gel
electrophoresis (PFGE) designation are
also given. Boxes highlight pairs of
isolates with distinct PFGE proﬁles but
highly similar VNTR proﬁles. Representa-
tive blaOXA-50-like and oprD sequences are
deposited in GenBank (accession
numbers GQ141716–GQ141735 and
GQ228097–GQ228105, respectively).
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isolates P26 (GQ228099) and P54, and the two isolates of
the Midlands 1 strain in our subset had distinct oprD
sequence disruptions (P7 has a 12-bp deletion; MID3 has a
frameshift mutation and subsequent stop codon). In con-
trast, groupings on the basis of polymorphisms not due to
sequence disruptions are consistent within a PFGE type
(Fig. 2).
Discussion
This study was performed using isolates from some 39
hospitals, from both CF and non-CF patients, representing
77 distinct strains. These included many that were found
in single patients only (e.g. unique strains 1–14), nosoco-
mial outbreak strains (e.g. strains C, L and M) and strains,
such as the Liverpool strain, associated with CF patients
in multiple centres. The latter stand out as clusters of
genetically similar isolates among what was otherwise a
diverse set. This reﬂects the mix of isolates received by
our laboratory, and provided an excellent set for the
comparison of typing methods and evaluation of VNTR
analysis.
Agreement between PFGE and VNTR results was good,
with variation at the ﬁrst eight loci providing discrimination
similar to that provided by PFGE in the vast majority of
cases. In some instances, differences in repeat number at
the ninth locus (ms61) provided discrimination between
isolates with identical or highly similar PFGE proﬁles (nota-
bly representatives of the Liverpool strain, both within and
among centres), but in rare cases it provided the only
means of distinguishing isolates that were clearly distinct by
PFGE, but identical by VNTR analysis. To further investi-
gate the apparently mixed level of discrimination provided
by this locus, the genetic similarity of isolates, particularly
in those cases where the repeat number at ms61 alone
provided discrimination among PFGE types, was further
assessed by comparing their blaOXA-50-like and oprD
sequences. As the intrinsic oxacillinase gene in P. aeruginosa
[8,10], blaOXA-50-like, may, like blaOXA-51-like in Acinetobacter
baumannii [11], provide a good indicator of clonality in this
organism. In a study by Empel et al. [12], the blaOXA-50-like
allele found correlated with the sequence type determined
by multilocus sequence typing. Variability is marked in oprD,
to such an extent that even representatives of the same
strain from the same hospital (e.g. P25 and P26) may show
very signiﬁcant differences, owing to sequence disruptions.
However, the sequence type group is consistent within a
strain. This analysis showed that, in keeping with their
highly similar VNTR proﬁles, the isolates within each pair
shared the same blaOXA-50-like sequence, belonged to the
same oprD group, and shared the same number of repeats
at a further VNTR locus, suggesting that they are indeed
highly similar, despite having distinct PFGE proﬁles. A plau-
sible explanation is that PFGE proﬁles can be markedly
affected by rearrangements, which are unlikely to be found
at individual loci. As the isolates of each pair also differed
by their repeat number at ms61, it seems likely that, in
each case, they are related, but not by a direct transmis-
sion event.
Differences in the repeat number at ms61 among repre-
sentatives of the same strain may prove very informative and
provide insights into how patients acquire similar isolates. In
an outbreak situation, isolates shared the same repeat num-
ber at ms61. Yet representatives of the Liverpool strain that
shared highly similar PFGE proﬁles and were also PCR-posi-
tive for both markers (PS21 and LESF9) associated with this
strain [2] showed variation in the repeat number at ms61,
perhaps providing evidence that acquisition of this strain in
CF patients may not have been by direct patient-to-patient
spread, although the chronic nature of such infections may
also be relevant.
In the vast majority of cases, VNTR analysis at these nine
loci provided discrimination at a level similar to that afforded
by PFGE, with most strains being identiﬁed unambiguously.
Results can be obtained within a day, leading to signiﬁcant
improvements in reporting times. Where isolates appear to
be the same, or very similar, by VNTR typing, but there is
no strong epidemiological link between them, it is advisable
to check the result by PFGE.
Nucleotide sequence accession numbers
The blaOXA-50-like and oprD sequences have been deposited in
GenBank under the accession numbers GQ141716–
GQ141735 and GQ228097–GQ228105, respectively.
Acknowledgements
This work was presented in part at the 19th European Con-
gress of Clinical Microbiology and Infectious Diseases, Hel-
sinki, 16–19 May 2009.
Transparency Declaration
We are grateful to the Society for General Microbiology,
UK, for funding a vacation studentship to S. Turton to work
on this project. None of the authors have any conﬂicting or
dual interests.
CMI Turton et al. VNTR analysis of Pseudomonas aeruginosa 1115
ª2009 The Authors
Journal Compilation ª2009 European Society of Clinical Microbiology and Infectious Diseases, CMI, 16, 1111–1116
References
1. Grundmann H, Schneider C, Hartung D, Daschner FD, Pitt TL. Dis-
criminatory power of three DNA-based typing techniques for Pseudo-
monas aeruginosa. J Clin Microbiol 1995; 33: 528–534.
2. Fothergill JL, Upton LA, Pitt TL, Hart A, Winstanley C. Diagnostic
multiplex PCR assay for the identiﬁcation of the Liverpool,
Midlands 1 and Manchester CF epidemic strains of Pseudomonas aeru-
ginosa. J Cyst Fibros 2008; 7: 258–261.
3. Scott FW, Pitt TL. Identiﬁcation and characterization of transmissible
Pseudomonas aeruginosa strains in cystic ﬁbrosis patients in England
and Wales. J Med Microbiol 2004; 53: 609–615.
4. Armstrong D, Bell S, Robinson M et al. Evidence for spread of a clo-
nal strain of Pseudomonas aeruginosa among cystic ﬁbrosis clinics. J Clin
Microbiol 2003; 41: 2266–2267.
5. Dinesh SD, Grundmann H, Pitt TL, Ro¨mling U. European-wide distri-
bution of Pseudomonas aeruginosa clone C. Clin Microbiol Infect 2003;
9: 1228–1233.
6. Onteniente L, Brisse S, Tassios PT, Vergnaud G. Evaluation of the
polymorphisms associated with tandem repeats for Pseudomonas aeru-
ginosa strain typing. J Clin Microbiol 2003; 41: 4991–4997.
7. Vu-Thien H, Corbineau G, Hormigos K et al. Multiple-locus variable-
number tandem-repeat analysis for longitudinal survey of sources of
Pseudomonas aeruginosa infection in cystic ﬁbrosis patients. J Clin
Microbiol 2007; 45: 3175–3183.
8. Girlich D, Naas T, Nordmann P. Biochemical characterization of the
naturally occurring oxacillinase OXA-50 of Pseudomonas aeruginosa.
Antimicrob Agents Chemother 2004; 48: 2043–2048.
9. Pirnay JP, De Vos D, Mossialos D, Vanderkelen A, Cornelis P, Zizi M.
Analysis of the Pseudomonas aeruginosa oprD gene from clinical and
environmental isolates. Environ Microbiol 2002; 4: 872–882.
10. Kong KF, Jayawardena SR, Del Puerto A et al. Characterization of
poxB, a chromosomal-encoded Pseudomonas aeruginosa oxacillinase.
Gene 2005; 358: 82–92.
11. Turton JF, Gabriel SN, Valderrey C, Kaufmann ME, Pitt TL. Use of
sequence-based typing and multiplex PCR to identify clonal lineages
of Acinetobacter baumannii. Clin Microbiol Infect 2007; 13: 807–815.
12. Empel J, Filczak K, Mro´wka A, Hryniewicz W, Livermore DM, Gniad-
kowski M. Outbreak of Pseudomonas aeruginosa infections with PER-1
extended-spectrum b-lactamase in Warsaw, Poland: further evidence
for an international clonal complex. J Clin Microbiol 2007; 45: 2829–
2834.
1116 Clinical Microbiology and Infection, Volume 16 Number 8, August 2010 CMI
ª2009 The Authors
Journal Compilation ª2009 European Society of Clinical Microbiology and Infectious Diseases, CMI, 16, 1111–1116
